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Abstract 
Transport of CO2 is a key component in the CCS chain for commercial projects, and CO2 shipping is 
being reconsidered as an alternative to pipeline transport even when the distance across the sea is not so 
quite long. The ship-based transport will make it possible to couple CO2 recovery plant and storage site 
without being limited to a single sink-source match, and decoupling and moving to another sink can be 
done with relative ease when necessary. It also removes the pipeline construction and removal activities 
in coastal zone where the social activities like fishery are often high.  
In this paper, the technical and economic feasibility of shuttle-type shipping and offshore operation for 
CO2 injection from the ship to the well(s) are studied. The main components needed for the proposed 
system are liquefaction of CO2, temporary storage at port, offloading, shuttle ship with Dynamic 
Positioning System and injection equipments onboard, flexible riser pipe whose end is connected with the 
wellhead on the sea floor, and pickup system at site.  
 
 
© 2013 The Authors. Published by Elsevier  Ltd.  
Selection under responsibility of GHGT 
 
 
Keywords: ship-based CCS; offshore CCS; shuttle ship; CO2 direct injection; flexible riser pipe; pickup system  
 
 
1. Introduction 
Although the high oil price and the weak economic conditions in developed countries continue, the 
amount of supply and demand of the fossil resource in the world does not show the signs of peaking out. 
It is coal that has supported the great economic growth of developing countries' recent years, and also, the 
choice of non-conventional type oil and gas is being added to fuel supply in energy mass consumption 
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countries. Therefore, measures that reduce CO2 emissions to the atmosphere from the ongoing use of 
fossil resources are definitely necessary, and the immediate spread of CCS holds the key.  
It is important for CCS projects to progress to larger scale and to become more economically efficient. 
However, in early stages of CCS, each project serves as a field experiment, with a CO2 recovery plant and 
a storage well(s) matched 1 to 1. The recovery plant scales are smallish, while the storage sites are chosen 
so that the plentiful capacity is secured. Short transport distance is strongly preferred in these early 
projects. But in order to develop the project of a commercial base, we have to consider cases of larger 
scales when integrating across the CCS chain of recovery, transportation and storage.  
This study deals with CO2 sub-seabed geological storage. In West Europe, since it is possible to secure 
a mass storage site in the North Sea, the size of the source of CO2 recovery determines the scale and 
economical efficiency of a project. Then, the hub concept for enlarging the source of CO2 recovery was 
thought of, and consequently, the way of thinking which builds the main artery of transportation to a 
storage site from the hub was emerged. The main artery would be realized with offshore pipelines of very 
large diameter, or with CO2 carrier ships of large loading capacity as much as possible. On the other hand, 
in East Asia, such as Japan, etc., it is difficult to secure a mass storage site, therefore, the matching the 
sources of CO2 recovery and storage sites requires a different approach from the one on West Europe. 
When a medium capacity storage site is identified, it will likely be matched with a number of CO2 sources, 
probably despite the distance and the depth of water to some extent. Hence, a distributed type 
transportation system should be developed for East Asia rather than forming a main artery. 
For the distributed type, and also for deep water applications, the authors thought that the ship-based 
CCS may be suitable. So, in this paper, the technical and economic feasibility of shuttle-type shipping and 
offshore operation for CO2 injection from ship to the well are examined.  
2. Why Shuttle? 
When the homeport and the destination are fixed, and when the quantity of the cargo to be transported 
within a certain fixed period is decided, the loading capacity of a ship and the necessary number of ships 
can be planned as follows. 
First, the shortest days m required for one cycle of a ship including the time required to load the cargo 
at the homeport, time required to travel to the storage site and unload the cargo and then the time required 
to return to the homeport, is calculated as; 
m = (2L/V+T1+T2)/24,                                      (1)  
where, L [km] is the distance from the homeport to the destination, V [km/hour] is the average speed of a 
ship, T1 [hours] is time needed for loading, mooring, etc. in a homeport, and T2 [hours] is time needed at 
the destination. When the conditions which become an integer are imposed on m, there are many 
advantages on employment since the time zone of various works at port is fixed, but it sets without 
imposing here, in order to argue simply. Regarding T1 and T2, there is room for constraints or a shortening 
improvement individually in a project. And, regarding V, a planned value can be fluctuated in the realistic 
range. However, the following is assumed here for discussions. 
V = 29.63 km/hour (16 knots)                           (2) 
- In case that intermediate buffer tanks are installed at the both ends of shipping 
             T1 = T2 = 6 hours                                               (3) 
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- In case that intermediate buffer tanks are installed only at homeport and CO2 is directly injected from 
ship at site  
             T1 = 6 hours                                                       (4) 
T2 = 24W/Q                                                       (5)  
where, W [ton] is the effective loading capacity of a ship (loading capacity multiplied by filling ratio of 
cargo tank and unloading ratio) , Q [ton/day] is the quantity which should be transported per day. 
In the next, the following relation should be realized in order to secure transport capability, when N is 
the number of ship, and n is the operational interval of one ship; 
NW = nQ                                                           (6)        
Since N cannot have only an integer until ships are accommodated one another among many projects, the 
equation above should be as follows for N. 
N = Int (nQ/W-eI)+1,                                         (7) 
where, eI is a quite small value to avoid overestimation of N when nQ/W has an exactly integer value. By 
raising N to the next whole number, the transport capability serves as a surplus, and the time zone which 
does not work arises on a ship. This time is set to d [day]. That is,  
n = m+d.                                                            (8) 
When the equations shown above are arranged, the necessary number of ships, N is estimated as; 
N = Int {(2L/V+T1+T2)/(24W/Q)-eI}+1.            (9) 
Especially, in case that CO2 is directly injected from ship at site as treated in this study,  
N = Int {(2L/V+T1)/(24W/Q)- eI}+2                  (10) 
is available. Then using N,  
n = NW/Q,                                                         (11) 
d = n-m                                                              (12) 
will be estimated. 
Based on the above, Fig.1 shows the relation between N and L by making W/Q into a parameter, and 
Fig.2 shows the relation between m, n and L. W/Q is equivalent to a value for how many days of the 
quantity of the cargo which should be transported is loaded on a ship. It is found in Fig.1 that more 
numbers of ships are needed when transport distance becomes longer, and the upward tendency is so large 
that W/Q is small. That is, it becomes a trade-off relation of many small ships and few large-sized ships. 
In general, it is economically more profitable to employ few large-sized ships, so the proposal of large-
sized CO2 carrier ship is attractive when the transport distance is quite long. 
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Fig. 1  Number of Necessary Ships vs Transport Distance 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2  One Cycle Days of a Ship & Required Days vs Transport Distance 
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On the other hand, when transport distance L is about 200 km (not necessarily extremely short in a real 
project), it is shown that it is not based on W/Q but two ships is sufficient. When W/Q, that means ship 
capability, is large, it is shown in Fig.2 that n is quite large compared with m, and the time when the ship 
is not working becomes long. That is, when transport distance is not quite long, it is thought economically 
that too large-sized CO2 ship considering traffic is disadvantageous since the operational rate is too low, 
even though the running cost per CO2-ton will decline. It can be said that W/Q=1 is enough and it is 
appropriate to make two ships carrying one day cargo go back and forth in a cycle for two days by turns. 
Also when transport distance is around 800 km, it is similar. Three or four ships carrying one day cargo 
will be made to go back and forth in a cycle for three or four days in order. In each case, a ship will 
interchange at a homeport or a site every day. This pattern is called shuttle-type shipping  in this paper. 
 
3. Why Direct Injection from Ship? 
 
Since transportation by ships is carried out discretely, the source side where CO2 is recovered and 
liquefied continuously, and the storage side where it is desirable to inject CO2 continuously require the 
tanks for storing CO2 temporarily and giving a buffer function. In this study, the buffer function at the 
offshore site is not given, but after arrival of ship at the site, CO2 is injected directly from the ship to the 
well. Then, a large-scale offshore structure can be omitted, and the economical efficiency can be 
improved. 
It is shown in Fig.1 that almost one more ship is needed in the direct injection system compared with 
the case both sides have buffer function. The capacity of buffer tanks at one side should be more than the 
loading capacity of a ship at least. That is, a difference is there between featuring one more ship and 
offshore platform installation for situating buffer tanks whose capacity is equivalent to one ship or more. 
Probably, the former will be economically advantageous, especially when deep-water. It is the point 
whether it is feasible technically and from safety aspects that the passage of CO2 from ship to the well is 
frequently connected and disconnected every time a ship arrives. 
 
4. Preliminary Feasibility Study 
 
Fig.3 shows the conceptual view of the ship-based offshore CCS featuring shuttle ship equipped with 
injection facilities, proposed by authors and their fellows. In order to confirm the fundamental feasibility 
of the system, Preliminary Feasibility Study on CO2 Carrier for Ship-based CCS  is carried out with 
financial support of Global CCS Institute. The priority subjects to be investigated first are classified as 
follows;  
 
1) Conceptual design of small to medium sized CO2 shuttle ship 
2) Operational rate - position keeping and workability onboard 
3) Proposal of CO2 direct injection system 
 
The engineering case study is executed under the following assumed conditions; 
 
- Nominal injection capacity is 1.0 million ton-CO2 per year. 
- Water depth at storage site is 500 meters, and the distance between recovery plant and storage site is 
200 km (two ships operation) or 400 to 800 km (four ships operation). 
- No storage tanks are placed at the storage site. 
- Economical analysis is done for 30 years injection. Life of component is 30 years for onshore plant 
and offshore facilities, and 15 years for shuttle ships. 
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Fig.3  Conceptual View of Proposed Ship-based CCS Featuring Shuttle Ship Equipped with Injection Facilities 
 
 
  The major results are as follows; 
 
- The daily transport quantity of CO2 is supposed 3,000 ton, equivalent to 1 million ton per year. So, 
the loading capacity of a ship is planned as 3,000 ton considering W/Q=1 is enough. 
- The main components needed for the proposed system are liquefaction of CO2, temporary storage at 
port, offloading, shuttle ship with Dynamic Positioning System and injection equipments onboard, 
flexible riser pipe whose end is connected with the wellhead on the sea floor, and pickup system at 
site. 
- Cargo conditions of liquid CO2 in temperature and pressure is set -10 degC and 2.65 MPa. The small 
to medium sized ships can hold reasonable high pressure tanks for CO2 in mild low temperature, and 
energy cost for CO2 liquefaction can be reduced. Furthermore, heat treating process is not necessary 
after forming a pressure tank when the design temperature is -10 degC and above. 
- For CO2 direct injection from the ship to the well(s), a flexible riser pipe pick up system is proposed. 
The design of flexible pipe riser and the planning of pick up operation are executed. 
- Allowable sea conditions are studied by calculations and interviewing from the Captains of research 
ships, and 3.0 m of the significant wave height is determined as a design condition. As a result, the 
offshore operability in this case study is estimated 90% and above.  
 
The details of results are reported in Ref[1] and its follow-up study[2]-[4]. 
 
5. Conclusions 
 
- Ship-based CCS featuring CO2 shuttle tanker equipped with injection facilities is proposed.  
- From the point of scale merit, large CO2 carrier designs have been pursued recently. However, when 
matching large-scale CO2 source or large-scale CO2 sink is uncertain, CO2 shuttle transport by a 
number of small to medium sized ships is effective to suit the distributed system. 
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- When it is difficult to construct big facilities for CO2 buffer storage at the both ends of shipping for 
technological, economical, or social reasons, frequent transport and direct injection to the well from 
ship is a promising solution.  
- In this study, the technical and economic feasibility of shuttle-type CO2 transport by ship and offshore 
operation for CO2 injection are demonstrated.  
- More detailed studies shall be done under the specified conditions and optimized for each.  
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